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Introduction
In the last decade we have been deeply exploring the coordination chemistry of polydentate ligands possessing multiple donor sites. Originally, we employed simple heteroaromatic anions, such as pyrazolate [1] , imidazolate [2] and pyrimidinolate [3] . Only at a later stage, we increased the complexity of the polytopic N-ligands, aiming at the formation of oligomeric and polymeric species with different functional properties. For example, using substituted triazines [4] , bisimidazolates [5] and other substituted heterocycles [6], we have isolated and fully characterised several highly functional materials, such as catalytically active species (soluble oligomers [7] and insoluble 3D polymers [8] ) or extended solids capable of molecular sensing and recognition [3, 9] . Since many of these materials do not afford single crystals of suitable quality, we attained their full structural characterisation resorting to state-ofthe-art powder diffraction methods, occasionally coupled to thermodiffractometry [10] and 13 C CP-MAS NMR spectroscopy [11] . Planning to employ polytopic longer spacers, concomitantly possessing increased coordination possibilities, we turned our attention to the 1,4-bis(5-tetrazolyl)benzene species (C 8 H 6 N 8 , H 2 btb, see Scheme 1), originally synthesised by Finnegan et al. [12] , one of the most interesting ligands recently appeared in the literature.
A few papers dealing with the coordination properties of its deprotonated counterpart (C 8 H 4 N 8 , btb) demonstrated its pronounced tendency in bridging distant metal ions [13] and in generating highly porous species, leading to efficient gas sensing, recognition and storage properties [14] .
After having tailored high-yield, cheap and atoxic syntheses for H 2 btb and for the analogous 1,4-bis(4-pyrazolyl)benzene species (C 12 H 10 N 4 , H 2 bpb) [15] , we started coupling these ligands with a number of transition metal ions, aiming at the formation of microcrystalline materials of well defined stoichiometry, structure and functional properties: nanoporosity, cooperative magnetism and catalytic activity.
Therefore, in the following, our latest results on the silver and copper derivatives of btb will be presented, highlighting the dense packings of Ag 2 (btb), 1, and Cu 2 (OH) 2 (btb), 3. In the absence of a proper structural model, a coherent picture of the nature of Cu 2 (btb), 2, is also traced, based on the analytical, thermal, spectroscopic and gas adsorption properties. These results follow a very recent report by Long and co-workers [16] , who sagaciously employed bpb in the construction of a porous pseudotetragonal network, Co(bpb), stabilized by ancillary DMF ligands and clathrated solvent molecules. 
Experimental

Materials and methods
Metal salts were used as received (Aldrich). H 2 btb was prepared as described in Ref. [15] . Solvents were dried and distilled by standard methods. All preparations and manipulations were carried out under dinitrogen atmosphere using conventional Schlenk's techniques. Infrared spectra were recorded on a Shimadzu Prestige-21 instrument. Elemental analyses were carried out on a Perkin Elmer CHN Analyzer 2400 Series II. Simultaneous TG and DSC analyses were performed in a N 2 stream on a Netzsch STA 409 PC Luxx (heating rate: 10°C min
À1
). Magnetic measurements were performed on polycrystalline samples on a SQUID Quantum Design MPMS XL-5 in the 2-300 K temperature range applying external fields of 10 000 Oe. Adsorption isotherms of Ar and N 2 were measured at 77 K on a Micromeritics Tristar 3000 volumetric instrument. Prior to measurement, powder samples were heated at 373 K for 12 h and outgassed to 10 À6 Torr using a Micromeritics Flowprep.
Synthesis of Ag 2 (btb) (1)
To a solution of AgNO 3 (0.159 g, 0.94 mmol) in water (6 mL), solid H 2 btb (0.100 g, 0.48 mmol) was added in one single portion. The reaction was refluxed for 5 h under stirring. After the mixture was cooled at room temperature, the white precipitate was filtered off, washed with water and dried in vacuum at room temperature to afford the desired product 
Synthesis of Cu 2 (btb) (2)
To a suspension of 1,4-bis(5-tetrazolyl)benzene (0.100 g, 0.47 mmol) in acetonitrile (4 mL) triethylamine (1.0 mL) was added, under dinitrogen atmosphere and at room temperature; after warming the mixture to 70°C, it was kept under stirring until a yellow solution formed. 
X-ray powder diffraction analysis
Powdered, microcrystalline samples of 1, 2 and 3 were gently ground in an agate mortar, then deposited in the hollow of an aluminium sample holder (equipped with a zero-background plate). The data were collected with overnight scans in the 5-105°2h range on a Bruker AXS D8 Advance diffractometer, equipped with a linear position-sensitive Lynxeye detector, primary beam Soller slits, and Ni-filtered Cu Ka radiation (k = 1.5418 Å). Generator setting: 40 kV, 40 mA. Standard peak search, followed by indexing with TOPAS [17] , allowed the detection of the approximate unit cell parameters: a = 19.83, b = 13.50, c = 7.00 Å, (GOF 62), for 1, and a = 3.60, b = 5.99, c = 12.71 Å, a = 84.9, b = 96.2 and c = 87.9°, (GOF 46), for 3. Structure solutions were performed, in Fddd and P 1 (for 1 and 3, respectively), with the simulated annealing technique, as implemented in TOPAS, using a rigid, idealised, molecular fragment of known D 2h geometry for btb, a metal ion and, where pertinent, an OH residue. For 3, which shows anisotropically broadened peaks, only approximate atom locations could be derived, given that neither simple nor complex microstructural models, refinable in TOPAS, could match the observed profile intensity. A structural interpretation of this behaviour is provided below in the Section 3. The final refinements were carried out with the Rietveld method, maintaining the rigid body described above and allowing the refinement of the torsion angles of the heterocyclic rings linkage. The background was modelled by a polynomial function. One, refinable isotropic thermal parameter was assigned to the metal atoms, augmented by 2.0 Å 2 for lighter atoms. A pre- . R p , R wp and R Bragg , 0.075, 0.103, and 0.061, respectively [19] .
Unfortunately, the highly reproducible powder diffraction trace of pure 2 (shown in Fig. 2 ), speaks for a very defective phase, where the extreme broadening (tanh dependent?) of the diffraction peaks can be easily interpreted by a heavily strained structure, lacking long order periodicity. Work can be anticipated in obtaining a more crystalline phase, allowing to elucidate the structure of 2.
Thermodiffractometry
On the basis of the results of the simultaneous thermal analysis, the thermal behaviour of species 3 was further investigated by employing a custom-made sample heater (supplied by Officina Elettrotecnica di Tenno, Italy), mounted on the Bruker AXS Advance D8 diffractometer. A powdered, microcrystalline batch of 3 was manually ground in an agate mortar, then deposited in the hollow of an aluminium sample-holder. A sequence of scans, in the 5-22°2h range, was performed heating in situ from room temperature up to 330°C.
Single-crystal diffraction analysis
The X-ray diffraction data from a prismatic crystal of 4 Á 2CH 3 CN, mounted on the top of a glass fibre of a goniometer head, were measured at room temperature by means of a Nonius CAD4 diffractometer using Mo Ka radiation (k = 0.71073 Å). Local programs were used for cell refinement and data reduction. An empirical absorption correction was applied to all of the data (psiscan). The structure was solved by direct methods using SHELXS-97 [20] , with the WINGX graphical user interface [21] . Structural refinement was carried out using SHELXL-97. All non-H atoms were refined anisotropically, whilst aromatic hydrogen atoms were constrained to ride on their parent atom with U iso = 1.2 U eq (parent atom). No H atoms were included in the clathrated CH 3 CN molecule, the geometry of which was restrained to reference values.
Crystal data for 4 Á 2CH 3 CN: C 120 H 100 Ag 2 N 10 P 6 , fw = 2083.8 g mol 
Results and discussion
Synthetic and analytical aspects
The reaction of AgNO 3 with H 2 btb in water at 120°C, in the absence of added bases, affords a white product which, on the basis of elemental analysis and IR data was formulated as Ag 2 (btb), 1. Indeed, the infrared spectrum of 1 recorded in the solid state (nujol) shows two sharp absorptions at 845 and 741 cm À1 , attributed to the bending of the aromatic C-H of the btb ligand, whilst no N-H, nor hydrogen bonded N-HÁÁÁN IR fingerprints were observed.
The polymeric nature of species 1 was initially suggested by its extreme insolubility in most solvents and then confirmed by the XRPD study (see below). Compound 1 is chemically very inert: in fact, no reaction is observed between this species and nitrogencontaining Lewis bases, such as pyrazine, even on adopting a variety of reaction conditions. However, employing a P-based ligand such as triphenylphosphine (with an Ag:PPh 3 ratio of 1:2.5) a new derivative was isolated, [(PPh 3 )Ag] 2 (btb), 5, the formulation of which was suggested by elemental analysis and IR data. Accordingly, the infrared spectrum of 5, recorded in the solid state (nujol), shows two sharp bands at 743 and 696 cm À1 , which are assigned to the bending of the aromatic C-H of PPh 3 .
The poor solubility of 5, hampering the preparation of suitable single crystals, and its structural complexity (beyond the present possibility of a meaningful powder diffraction characterisation), did not allow the determination of the correct connectivity and its complete geometrical formulation.
Differently , assigned to the bending of the C-H fragments of triphenylphosphine. The dinuclear nature of species 4 was later confirmed by single-crystal X-ray diffraction analysis.
If [Cu(CH 3 CN) 4 ]BF 4 is reacted with H 2 btb in acetonitrile at room temperature, in presence of triethylamine), species 2 can be easily isolated as an analytically pure, white, air stable product, of Cu 2 (btb) stoichiometry.
Cu(II) salts were also employed: on reacting Cu(ClO 4 ) 2 Á 6H 2 O with H 2 btb in 1-butanol, at 95°C and in presence of triethylamine, a blue product of Cu 2 (OH) 2 (btb) formulation, 3, can be isolated. The IR spectrum of 3, recorded in the solid state (nujol), shows a sharp absorption at 3551 cm
À1
, attributed to the stretching of the O-H group (not involved in hydrogen bond interactions), as well as two sharp bands at 852 and 742 cm À1 (bending of the aromatic C-H of the btb ligand).
Aiming at the preparation of the elusive [14] homoleptic Cu(btb) complex, the same reaction was carried out at 120°C, a new species being isolated as a light brown product. As demonstrated by the equivalence of the XRPD trace of this beige product with that of 2 (shown above), this material is essentially a mixture of the copper(I) polymer, Cu 2 (btb), 2, and of a minor Cu(II) impurity (possibly CuO), not detected in the XRPD trace [22] . Despite the different reaction conditions employed in the preparation of Cu(II) complexes in rigorously anhydrous conditions, the reducing capabilities of 1-butanol at high temperature always generated the rather stable, but poorly crystalline, Cu 2 (btb) species.
Thermoanalytical results
We have also investigated the thermal behaviour of 1, 2 and 3 by simultaneous (TG and DSC) thermal analyses. Interestingly, 1 is stable up to 380°C, where a sudden decomposition starts, accompanied by a very large exothermic peak (DH = À133 kJ mol À1 ). This behaviour is attributed to the oxidising character of the Ag(I) ions, capable of eliminating simple gaseous molecules (N 2 , HCN, etc.) from the heterocyclic rings. At variance, 2 showed ca. 8% weight loss below 250°C, likely attributed to solvent molecules, trapped in the small pores of the structure (vide infra). After this smooth release, complete decomposition of the material occurs above 350°C, with a large enthalpy release (DH = À61.0 kJ mol À1 ). What is here relevant are the rather high decomposition temperatures observed for 1 and 2, particularly after considering that tetrazoles are widely employed in commercial explosives and detonators [23] .
Finally, 3 was found to decompose above 270°C in a two-step process, the first peaking at about 300°C and the second near 330°C (DH TOT = À113 kJ mol
À1
). The thermodiffractometric measurements performed in situ in the diffractometer chamber could not discriminate between the two, partial superimposed steps, decomposition above 300°C being the only detectable event. Thus, no definitive analytical or structural information on the intermediate species could be derived. Notably, the first jump in the TG experiments accounts for a 17.85% weight loss (33.3 amu), nicely matching the loss of two hydroxyls, in an internal redox reaction as in:
Indeed, formation of Cu(I) azolates from high temperature treatment of Cu(II) precursors has already been observed [24] .
Structural characterisation of 1, 2 and 3
Our XRPD structure determination of 1 revealed the existence of a complex, dense network based on btb ligands (lying on a 222 symmetry site), connected through all their eight N atoms to eight different, but crystallographically equivalent, Ag ions (each one sitting on a twofold axis aligned with a). Fig. 3 shows a portion of this complex packing, in which a sequence of condensed hexanuclearAg-N-N-Ag-N-N-rings zigzags in the a + c direction, with AgÁÁÁAg contacts of 3.92 Å. Further contacts of 3.98 Å interconnect these 1D strands, giving to the silver ion sublattice an overall 3 D topology. Two (crystallographically unique) Ag-N-N-Ag torsion angles are present: Ag-N1-N2-Ag (43.9°, indicating a skew conformation for such tetraazadimetallacycle) and 18.5°for Ag-N1-N1-Ag (generating a more planar ring) [numbering scheme from the supplied CIF files]. Finally, the refined torsion angle between the tetrazolate and benzene rings, of about 8.7(2)°, speaks for a nearly planar system for the three conjugated aromatic rings, maintaining extensive p-p overlap.
Compound 3 crystallizes in the triclinic P 1 space group, with one independent Cu(II) ion, one btb ligand lying about a À1posi-tion, and bridging four crystallographically equivalent metal ions along b, and one l 3 -OH ligand, bridging three crystallographically equivalent metal centres. Fig. 4 shows a portion of the complex packing: hexanuclear -Cu-N-N-Cu-N-N-rings are bridged by OH groups in the b direction. On viewing down [0 0 1], parallel ladders of Cu(OH) formulation, running along a, can be easily The green dashed lines in Fig. 4 indicate the alternative locations that the nearly parallel btb ligands may adopt: if no, or little, influence amongst neighbouring columns of p-p stacked btb ligands (separated by the a axis distance of about 3.74 Å) is present, one expects a nearly random disorder (which we tried to model during data analysis, without significant success). In the case of a conditioned disorder, with a ''reversing" probability significantly different from 0 (a perfect crystal) or 0.5 (random disorder), a highly defective material is generated, with the obvious consequence of evident, but poorly treatable, peak broadening. Accordingly, the structure of 3 is not discussed here in detail, but only presented in a semiquantitative manner. Worthy of note, a closely related system, Co(OH) 2 (benzene-1,4-dicarboxylate), also showed a significant disorder of the organic ligand stackings; yet, in that case, the absence of cross-talking between adjacent stacks was easily detected, and interpreted, by the experimental rise of space group symmetry [25] .
As anticipated, our XRPD data could not be used in unravelling the structural model for 2 (a highly defective phase, see above); however, and rather surprisingly, the d-spacing of the strongest, and sharpest, peak (10.8 Å) is not consistent with the CuÁÁÁCu distance expected for a stretched polymer, in which the btb fragments bridge Cu(I) ions with their ''external" nitrogen atoms. Also, 1 and 2, despite sharing the same stoichiometry, are not isomorphous species.
Therefore, the apparently simple (local) structure might be somewhat different, perhaps based on trinuclear moieties (ubiquitous in Cu(I) azolates [26] ), packed in porous hexagonal sheets. In order to gain some external, independent, information in this respect, we have measured the adsorptive properties of 2 towards N 2 and Ar (at 77 K).
Gas sorption properties of 2
The adsorption isotherm of 2 towards N 2 (Fig. 5) possesses a type I-IV hybrid shape, with a (type H1) hysteresis loop at relative pressures (above p/p 0 = 0.4), which can be attributed to textural mesoporosity arising from interparticle mesopores. Our results show that 2 possesses Langmuir surface areas of 60 and 50 m 2 g
À1
, as calculated from the N 2 and Ar adsorption isotherms, respectively. The moderate Langmuir surface area and gas-storage capacity for both gases are likely related to a poor diffusion of these gaseous molecules, possibly linked to a partial sliding of the (weakly interacting) layers on top of each other, giving rise to an offset packing with small channel dimensions. This kind of behaviour is typical of layered porous networks and therefore it supports this probable structural model [27]. as also witnessed by a N3-N2-N1-Ag torsion angle (137.6°) significantly different from 180°.
In 4, as in 1, the twist of the tetrazolate-benzene link is low (9.9°), suggesting a nearly optimised conjugated system. These observations speak for a rather high flexibility of the btb-Ag linkage, which, depending on the presence, or absence (as in 1), of ancillary ligands (three bulky PPh 3 groups in 4), may adapt itself in a variety of conformations.
Magnetic properties of 3
The thermal behaviour of the magnetic susceptibility for 3 is shown in Fig. 7 . The data agree with a strong antiferromagnetic exchange between the copper(II) centres [28] . This is manifested by the low value at r.t. with a magnetic moment per Cu atom of only 1.24l B , which steadily decreases to 0.38l B at 2 K. Unfortunately, the 3D nature of the network and the complex connectivity of the copper(II) ions, which are connected by btb and hydroxide bridges, preclude the finding of a suitable fitting model.
Conclusions
Summarizing, we have here presented the synthesis, characterisation and powder diffraction studies of novel polymeric group 11 metal complexes. The isolated materials are either dense or moderately porous and, therefore, they are not prone to gas sorption or storage, as originally targeted. Nevertheless, the btb ligand they contain shows a high chemical and thermal inertness, suggesting that suitably organised porous frameworks might possess relevant stability.
Work can be anticipated in the direction of preparing metal complexes with different metal ions and stoichiometry, as well as by tailoring new syntheses of related polyazolates, capable of linking metal centres with different topological features.
Worthy of note, the structures presented in this contribution have been derived from powder diffraction data of less-than-ideal polycrystalline materials. In these cases, laboratory data well compare with state-of-the-art synchrotron ones, since the instrumental resolution functions are well hidden in the large (anisotropic) peak broadening stemming from the sample microstructure.
